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Abstract 
Our goal was to develop a simple, safe, and effective simulation method that could replace the complex computations and 
dangerous processes of explosive performance tests involving naval solid highly exothermic materials. The model can be applied 
to the improved conditions to avoid violent runaway reactions during operation, storage, and transportation. Achieving the goal 
will result in an effective and safe model that is suitable for solid highly exothermic naval materials management and safety 
control, which also establishes the features of simple and safety technology to reduce energy consumption and unsafe 
performance tests in view of loss prevention. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of scientific committee of Beijing Institute of Technology. 
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Nomenclature 
CP  Specific heat capacity (J g–1K–1) 
CT  Control temperature (°C) 
Ea  Activation energy (kJmol–1) 
E1  Activation energy of the 1st stage (kJmol–1) 
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E2  Activation energy of the 2nd stage (kJmol–1) 
ET   Emergency temperature (°C) 
fi  Kinetic functions of the ith stage; i = 1, 2, 3 
f(α)  Kinetic functions 
k0  Pre-exponential factor (m3mol–1 sec–1) 
ki  Reaction rate constant (mol L–1 sec–1); i = 1, 2 
n  Reaction order or unit outer normal on the boundary, dimensionless 
NC  Number of components, dimensionless 
ni  Reaction order of the ith stage, dimensionless; i = 1, 2, 3 
Qi∞  Specific heat effect of a reaction (Jkg–1) 
q   Heat flow (Jg–1) 
R  Gas constant (8.31415 JK–1mol–1) 
ri  Reaction rate of the ith stage (gsec–1); i = 1, 2, 3, 4 
S  Heat-exchange surface (m2) 
SADT  Self-accelerating decomposition temperature (°C) 
T  Absolute temperature (K) 
T0  Exothermic onset temperature (°C) 
TCL  Time to conversion limit (year) 
TCR  Critical temperature (°C) 
TER  Total energy release (kJkg–1) 
Te  Ambient temperature (°C) 
TMRiso  Time to maximum rate under isothermal conditions (day) 
Twall  Temperature on the wall (°C) 
t  Time (sec) 
W  Heat power(Wg–1) 
z  Autocatalytic constant, dimensionless 
α  Degree of conversion, dimensionless 
γ  Degree of conversion, dimensionless 
ρ  Density (kgm–3) 
λ  Heat conductivity (Wm–1K–1) 
χ  Heat transfer coefficient (Wm–2K–1) 
∆Hd  Heat of decomposition (kJkg–1) 
1. Introduction 
 
Generally, the broad deck of naval vessels is burning hot by solar insolation, along with high temperatures in 
cabins. Thus, solid naval energetic materials must be able to withstand extreme heat and humid conditions, thermal 
explosions and runaway reactions that will be induced. Many thermal explosions and runaway reactions have been 
caused globally by solid naval energetic materials, resulting in a large number of fatalities and injuries. Deck gun 
propellants have caused many serious accidents involving storage and transportation. One reason involves the nitrate 
ester (–O–NO2) and hydroxyl group (–OH), due to thermal instability and high sensitivity to ambient humidity, 
respectively [1–5]. 
This aim of this study is to use differential scanning calorimetry (DSC) for non-isothermal and isothermal tests, to 
predict the kinetics and the safety parameters of the deck gun propellants, such as 5 inch/38 and 5 inch/54 desk gun 
propellants (DGP1 and DGP2, respectively). We could not find an effective, energy consumption reducing, and safe 
way to analyze the storage and operation of these materials. Therefore, the goal of simulation here is to replace the 
dangerous solid explosion and traditional storage condition tests, the thermal hazard parameters and the explosion 
parameters of the DGP1 and DGP2 or the other solid highly exothermic materials that have been evaluated by 
approaches such as accelerating degradation [6, 7], vacuum satiability [8–10], actual cartridge cook-off [11], one 
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dimensional time to explosion (ODTX) technique test [12, 13], and self-accelerating decomposition temperature 
(SADT) tests [14–16]. 
Simulation method is a novel idea that can, via non-isothermal and isothermal of differential scanning calorimetry 
(DSC) tests and kinetic model simulation, be applied in the evaluation of the safety parameter of gun propellants in 
storage and operation conditions. The study will be applied to simulate the actual cartridges of 5 inch deck gun 
propellants with the aim of developing a simulation method to replace the dangerous explosion and complex tests for 
evaluating the safety parameters of storage conditions and predicting the thermal hazard parameters of operation and 
transportation. The model may be applied to the improved conditions to avoid violent runaway reactions during 
operation, storage, and transportation. Clearly, achieving the goal will result in an effective and safe model that is 
suitable for explosives management and solid highly exothermic material safety control. 
2. Analysis and Testing Technology 
The method used was to obtain the reliable kinetics and parameters of thermal decomposition that included 
kinetic parameters such as the kinetics of reaction, pre-exponential factor(lnk0), reaction order (n), activation energy 
(Ea), and heat of decomposition (∆Hd). The safety parameters of the heat effect for the storage duration condition of 
the ammunition depot of a cabin include parameters such as isothermal time to maximum rate (TMRiso),time to 
conversion limit(TCL), and total energy release(TER)[14, 17], and in addition, the thermal reactivity properties of 
solid highly exothermic naval materials. Simulations of kinetic model scan be complex multi-stage reactions that 
may consist of several independent, parallel, and consecutive stages[14, 17]: 
Simple single-stage reaction: 
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Multi-stage for autocatalytic reaction: 
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where Ea is the activation energy, k0 is the pre-exponential factor, z is the autocatalytic constant, and n1 and n2 are 
the reaction orders of a specific stage. 
Reactions that include two consecutive stages: 
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whereD and J are the conversions of the reactant A and product C, respectively. E1 and E2 are the activation energies 
of the stages. 
Two parallel reactions for full autocatalysis: 
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where r1 and r2 are the rates of each stage, and n3 is the reaction order of stage three. 
The chosen approach was to establish a procedure for heat effect assessment that includes thermal hazard 
parameters, such as the self-accelerating decomposition temperature (SADT), control temperature (CT), emergency 
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temperature (ET), and the critical temperature (TCR) [14, 17], for a cartridge containing highly exothermic solid 
materials. 
To simulate the thermal hazard of solid thermal reactive materials, the critical parameters were determined 
numerically from the chemical kinetics for several types of actual cartridge sand various boundary conditions, 
including the possibility setting boundary shells. For solid highly exothermic material thermal hazard simulations, 
the following statements were used[14, 17]: 
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where Т is the temperature, t is the time, ρ is the density, CP is the specific heat, λ is the heat conductivity, Qi∞ is the 
reaction calorific effect, W is the heat power, r is the reaction rate constant, α is the degree of conversion for a 
component, NC is the number of components, and i is the component number. 
The initial fields for the temperature and the conversions were constant throughout the reactor volume: 
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The index“0” indicates the initial values of the temperature and conversion. 
The boundary conditions of the first, second, and third kind were specified as: 
1st kind: ewall ( )T T t      Dirichlet’s temperature equation                                     (10) 
2nd kind: wall ( )q q t    Neyman’s heat flow equation                                          (11) 
3rd kind: 
wall e- ( )
S
T T T
n
O Fw  w     
Newton’s cooling law                                          (12) 
The indices “wall” and “e” relate to the parameters on the boundary and the environment, respectively. q is the heat 
flow, and n is the unit outer normal on the boundary. 
3. Materials and methods 
3.1. Samples 
 
The samples of DGP1 and DGP2, which were supplied directly from National Defense University of the 
Republic of China (ROC) in Taiwan, were stored under 7 °C. Experiments involved DSC non-isothermal tests at 
various scanning rates of 1, 2, and 4°Cmin–1; DSC isothermal tests were held at conditions of 170, 175, and 180 °C 
of the DGP1 and DGP2, respectively. 
3.2. Differential scanning calorimetry (DSC) 
Temperature–programmed screening experiments were performed with DSC (TA Q20). The test cell was used to 
carry out the experiment for withstanding relatively high pressure to approximately 10MPa. ASTM E698 was used 
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to obtain thermal curves for calculating kinetic parameters. For better thermal equilibrium, the heating rate chosen 
for the temperature-programmed ramp was not to exceed 4 °Cmin–1for avoiding deflagration. Approximately 1–2 
mg of the sample was used to acquire the experimental data. Non-isothermal tests of the scanning rate selected for 
the programmed temperature ramp were at 1, 2, and 4 °Cmin–1.The range of temperature rise chosen was from 30–
300 °C for each experiment. Isothermal tests of the holding isothermal condition were several at 170, 175, and 
180 °C. 
3.3. DGP1 and DGP2 cartridges boundary conditions 
We used two types of deck gun propellants, as the cartridge sizes to simulate the thermal hazard. The radius, 
width, height, shell thickness, and the cartridge size were used to simulate the thermal hazard. These factors along 
with the cartridge boundary conditions are listed in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
4. Results and discussion 
4.1. Determination of DGP1 and DGP2kinetic parameters and safety parameters 
Our aim was to use differential scanning calorimetry (DSC) for simple non-isothermal and isothermal tests, to 
predict the kinetics and the safety parameters of the DGP1 and DGP2. TheDGP1 and DGP2 of kinetic parameters 
were determined from the DSC experimental data at various scanning rates of 1, 2, and 4 °Cmin–1, isothermal tests 
holding isothermal conditions of 170, 175, and 180 °C as displayed in Figs. 1–4, respectively. The experimental 
results of non-isothermal and isothermal of DSC tests are listed in Tables 2 and 3, respectively.  
We used autocatalytic simulations to calculate the kinetic parameters, and then to compare the results of non-
isothermal and isothermal of kinetic model simulation. The simulation results are presented in Tables 4 and 5, 
comparing the kinetic parameters of non-isothermal and isothermal kinetic model simulations, the parameters can be 
matched very well to each other. 
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Fig. 1. DSC thermal curves of heat flow versus 
temperature for DGP1 decomposition with scanning rates 
of 1, 2, and 4°Cmin–1. 
Fig. 2. DSC thermal curves for DGP1 decomposition with 
isothermal temperature at 170, 175, and 180 °C. 
Table 1. DGP1 and DGP2 of cartridge package boundary conditions. 
Type 
Size Boundary  
conditions 
Initial  
temperature 
(°C) 
F (Wm–2K–1) Radius (m) Height (m) Shell thickness(m) 
DGP1 0.0675 0.500 0.00657 
Top/ Newton’s cooling law 
20 
10 
Side/Newton’s cooling law 10 
Bottom/ Newton’s cooling law 10 
DGP2 0.0660 0.826 0.00660 
Top/ Newton’s cooling law 
20 
10 
Side/Newton’s cooling law 10 
Bottom/ Newton’s cooling law 10 
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Fig. 3. DSC thermal curves of heat flow versus 
temperature for DGP1 decomposition with scanning rates 
of 1, 2, and 4°Cmin–1. 
Fig. 4. DSC thermal curves for DGP1 decomposition with 
isothermal temperature at 170, 175, and 180 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In contrast to Tables 4 and 5, we could confirm the results of kinetic simulation for DGP1 and DGP2, in which 
kinetic parameters were providing clear and precise results by simulation. Here, the TMRiso, TCL and TER of DGP1 
and DGP2 were acquired by non-isothermal and isothermal-kinetic-model simulation, as displayed in Figs.5–10. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Results of DSC tests of DGP1 and DGP2 at various scanning rates. 
Sample Sample mass (mg) Scanning rate (°Cmin–1) Peak of temperature, Tp (°C) ΔHd (kJkg–1) 
DGP1 
1.0 1 178.6 3394 
1.1 2 188.8 4088 
1.2 4 192.1 4077 
DGP2 
1.0 1 183.4 3393 
1.6 2 190.1 4020 
1.2 4 195.2 3799 
 
Table 3. Results of DSC tests of DGP1 and DGP2 under in different isothermal conditions. 
Sample  Sample mass (mg) Isothermal conditions (°C) ΔHd (kJkg–1) 
DGP1  
1.2 170 4100 
1.1 175 4140 
1.0 180 1785 
DGP2 
1.5 170 3750 
1.3 175 3846 
1.3 180 4210 
 
Table 4. Comparisons of the DGP1 kinetic parameters for the evaluation under non-isothermal and isothermal conditions. 
Kinetic model DGP1 non-isothermal kinetic DGP1 isothermal kinetic 
Non-isothermal (°Cmin–1) 
Isothermal (°C) 
1 2 4 170 175 180 
ln(k0)/ln (sec–1) 30.37 30.30 30.00 28.88 29.72 30.68 
Ea (kJmol–1) 131.31 131.69 131.00 129.82 130.59 131.70 
Reaction order (n)/nth  
Reaction order (n1)/auto 
2.17 0.27 0.50 1.29 1.76 0.81 
Reaction order/n2 1.11 0.94 0.78 0.69 0.73 0.80 
Autocatalytic constant/z 8.736E-03 2.373E-04 3.000E-06 3.000E-03 3.753E-06 1.639E-06 
ΔΗd (kJkg–1) 3471.09 15385.03 13154.01 4154.70 4146.81 1750.83 
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Fig. 5. Storage safety assessment of DGP1 time until the 
maximum rate with DSC non-isothermal tests at scanning 
rates of 1, 2, and 4 °Cmin–1 and DSC isothermal tests at 
170, 175, and 180 °C. 
Fig. 6. Storage life time assessment of DGP1 time until 
10%conversionwith DSC non-isothermal tests at scanning 
rates of 1, 2, and 4 °Cmin–1 and DSC isothermal tests at 
170, 175, and 180 °C. 
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Fig. 7. Storage safety assessment of DGP1 total energy 
release with DSC non-isothermal tests at scanning rates of 
1, 2, and 4 °Cmin–1 and DSC isothermal tests at 170, 175, 
and 180 °C. 
Fig. 8. Storage safety assessment of DGP2 time until the 
maximum rate with DSC non-isothermal tests at scanning 
rates of 1, 2, and 4 °Cmin–1 and DSC isothermal tests at 
170, 175, and 180 °C. 
 
 
 
 
 
 
Table 5. Comparisons of the DGP2 kinetic parameters for the evaluation under non-isothermal and isothermal conditions. 
Kinetic model DGP2 non-isothermal kinetic DGP2 isothermal kinetic 
Non-isothermal (°Cmin–1) 
Isothermal (°C) 
1 2 4 170 175 180 
ln(k0)/ln (sec–1) 29.98 29.29 29.97 29.85 29.61 29.53 
Ea (kJmol–1) 129.02 126.65 127.11 128.58 124.84 129.83 
Reaction order (n)/nth  
Reaction order (n1)/auto 
2.26 2.08 2.54 1.74 2.42 1.50 
Reaction order/n2 1.84 1.23 1.50 1.92 2.09 1.03 
Autocatalytic constant/z 0.02 4.996E-03 8.119E-03 0.02 0.01 0.02 
ΔΗd (kJkg–1) 3426.47 4050.62 3794.63 3756.56 3860.46 4241.68 
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Fig. 9. Storage life time assessment of DGP2 time until 
10%conversionwith DSC non-isothermal tests at scanning 
rates of 1, 2, and 4 °Cmin–1 and DSC isothermal tests at 
170, 175, and 180 °C. 
Fig. 10. Storage safety assessment of DGP2 total energy 
release with DSC non-isothermal tests at scanning rates of 
1, 2, and 4 °Cmin–1 and DSC isothermal tests at 170, 175, 
and 180 °C. 
 
Figs. 5 and 8 show TMRiso of DGP1 and DGP2 was obtained, which values were ca. less than 49 and 41°C and 
exceeded the upper limit of 100 days, respectively. Figs. 6 and 9 show TCL of DGP1 and DGP2 was less than 49 
and 41 °C, respectively, which is beyond the upper limit of ten years. TCL is a very important safety indicator for 
storage lifetime of highly exothermic solid material under limited ambient temperature. Figs. 7 and 10 show the 
TER of DGP1 and DGP2 stored at less than 59 and 41°C, respectively, which is safe. In particular, the TER 
indicates when the chemicals or materials start releasing energy by thermal degradation. Solid highly exothermic 
materials, such as DGP1 and DGP2, should be stored at less than the TER of under the limit temperature; this could 
maintain the good and complete structure of chemicals or materials. 
In contrast to Tables 2 and 4, we could observe the DGP1 of kinetic model simulation of non-isothermal: at 2 and 
4 °Cmin–1, the heat effect is greater than the 1 °Cmin–1. From Tables 2 and 4, we could observe the faster scanning 
rates of the 2 and 4 °Cmin–1, which induced the deflagration phenomenon of DGP1. In addition, comparison of 
Tables 3 and 4 shows the samples were tested for holding high isothermal temperature under 180 °C; the 
overheating effect was greater than under 170 and 175°C isothermal DSC tests. While analyzing the kinetic 
parameters by kinetic model simulation, we acquired three numbers for DGP1’s kinetic parameters by using 
scanning rate of 1 °Cmin–1 and holding isothermal temperatures of 170 and 175 °C in the solid highly exothermic 
thermal hazard simulation. 
In contrast to Tables 2 and 5, we also could observe the DGP2 of kinetic model simulation of non-isothermal; at 
2 °Cmin–1, the heat effect is greater than the 1 and 4 °Cmin–1. In addition, comparison of Tables 3 and 5 shows the 
samples were tested for holding high isothermal temperature under 180 °C; the overheating effect was greater than 
under 170 and 175 °C isothermal DSC tests. While analyzing the kinetic parameters by kinetic model simulation, we 
acquired four numbers for DGP2’s kinetic parameters by using scanning rates of 1 and 4 °Cmin–1 and holding 
isothermal temperatures of 170 and 175 °C in the solid highly exothermic thermal hazard simulation. 
4.2. Determination of DGP1 and DGP2 kinetic parameters and safety parameters 
We could not find an effective and safe way to analyze the storage and operation of safety parameters of highly 
exothermic solid naval materials. Here the goal has been accomplished of simulation method to replace the 
dangerous solid explosion and traditional storage condition tests, the storage safety parameters and the thermal 
hazard parameters of the highly exothermic solid materials. 
The results of the simulation for the SADT, CT,ET, and TCR are presented in Table 6. We developed a 
simulation method to determine the kinetic parameters, the storage safety parameters, and the thermal hazard 
parameters of DGP1 and DGP2. These results could be applied toward energy reduction and safer designs for 
operation, storage, and transportation. In addition to analyzing the thermal decomposition kinetic parameters 
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through simple and swift non-isothermal and isothermal DSC tests and kinetic simulation, we obtained reasonable 
kinetic parameters of thermal decomposition for the highly exothermic solid naval materials. The validity of the 
results significantly depends on the reliability of the correctness of the methods used for the kinetics evaluation, 
which are then applied to the evaluation of the storage safety parameters and the thermal hazard parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Conclusions 
We successfully developed a simulation method to determine the kinetic parameters, the storage safety 
parameters, and the thermal hazard parameters of highly exothermic solid naval materials. In addition to analyzing 
the thermal decomposition kinetic parameters through comparing non-isothermal and isothermal-kinetic model 
simulation, we found that the results presented a reasonable model to correct the kinetic parameters of thermal 
decomposition, which was then applied to storage safety and the thermal hazard simulations of solid highly 
exothermic naval materials. The model can be applied to evaluating other highly exothermic materials or chemicals. 
We also overcame the upper-limit maximum isothermal temperature of general isothermal calorimetric tests. 
Therefore, we have developed a beneficial analysis model and testing technology for the kinetic, safety, and hazard 
parameters of highly exothermic solid materials. 
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